The combination of ascorbic acid and rutin is frequently used in oral preparations. However, despite numerous protective effects of each component individually, their combined effect on ultraviolet (UV)-irradiated skin cells has never been evaluated. The aim of this study was to evaluate the combined effect of ascorbic acid and rutin on human keratinocytes and fibroblasts exposed to UVA and UVB radiation. Skin keratinocytes and fibroblasts exposed to UVA and UVB radiation were treated with ascorbic acid or/and rutin. The total antioxidant properties of both components, as well as their effect on cellular pro-and antioxidant status, lipid and protein oxidation, transmembrane transport, and pro-inflammatory and pro/ antiapoptotic protein expression were measured. The combination of ascorbic acid and rutin had higher antioxidant properties compared to the activity of the single compound alone, and showed a stronger effect against UV-induced reactive oxygen species generation. The ascorbic acid and rutin combination also showed increased antioxidant enzyme activity (catalase, superoxide dismutase, thioredoxin reductase), which was impaired following UV irradiation. Moreover, ascorbic acid additional stimulated UV-induced bilitranslocase activity responsible for rutin transport, and therefore favored rutin effect on Nrf2 pathway, simultaneously differentiating the reaction of keratinocytes and fibroblasts. In keratinocytes, Nrf2 is strongly activated, while in fibroblasts decreased Nrf2 activity was observed. Used mixture, also significantly silenced UV-induced expression of pro-inflammatory factor NFκB and pro-apoptotic proteins such as caspases 3, 8, and 9. These results showed that ascorbic acid and rutin are complementary in their antioxidant actions, transport and signaling functions. Their combined antioxidant, antiinflammatory and antiapoptotic actions suggest rutin and ascorbic acid are a potentially cytoprotective team against UV-induced skin damage.
Introduction
Under physiological conditions, skin cells are characterized by the constant generation of reactive oxygen species (ROS), as well as the well-developed antioxidant system, which maintains the redox balance. The antioxidant system is based on small molecular weight antioxidants including glutathione, vitamins A, E, and C, as well as antioxidant proteins, which mainly consist of superoxide dismutase, catalase, glutathione peroxidase, thioredoxin, and thioredoxin reductase, which protect cells from ROS-mediated disturbances [31, 42] . Protein antioxidants act to protect skin cells by supporting Nrf2, a ROS-dependent transcription factor, which initiates the transcription of cytoprotective and antioxidant genes [25] . Despite the maintenance of redox balance, frequent exposure of skin cells to the UVA and UVB radiation in natural sunlight stimulates pro-oxidative enzyme activity and impairs the action of antioxidants, resulting in oxidative stress [7, 21] . Previous studies have shown that exposure to UVA and UVB radiation leads to the activation of many factors involved in mitogen-activated protein (MAP)-dependent signaling kinases, including ERK1/2 and transcription factors dependent on redox potential, e.g., Nrf2 [24, 68] . It has also been suggested that disturbances in the activity of some of these agents, particularly Nrf2, may even lead to neoplastic changes [18] . Moreover, the activation of multiple mechanisms associated with MAP kinases leads to the activation of the NFκB transcription factor and induces an inflammatory reaction [22, 54] .
Because of disturbed antioxidant abilities, UV radiation induces enhanced ROS-mediated modifications in skin cells, particularly in lipid peroxidation, resulting in increased levels of 4-hydroxynonenal (4-HNE) and prostaglandins that may act as signaling molecules [47, 87] . Prostaglandins are known pro-inflammatory factors, while 4-HNE forms adducts with a number of different proteins which may affect their activity in various ways [47, 67] . As a consequence, the pro-oxidative action of UV radiation leads to metabolic disorders in the skin, including apoptosis, and can significantly deteriorate the condition of the skin [14] .
Therefore, there is a constant need for effective skin protection compounds with antioxidant properties, and singlecompound therapies are now being replaced with poly-compound therapies to maximize skin protection. Compounds with different chemical structures usually differ in their properties and when combined, may modify their mutual biological activity, which in many cases leads to synergy. Despite the differences in their chemical structure ( Fig. 1 ), rutin and ascorbic acid both show antioxidant and antiinflammatory effects and can be easily absorbed and transported from both skin surface and blood system [21, 24, 28] . When applied to the skin, ascorbic acid provides significant protection against inflammation and sunburn [3] . Data from the literature indicate that ascorbic acid shows photoprotective potential and can normalize mitochondrial membrane polarization in UVA-irradiated human skin fibroblasts [69] . Moreover, ascorbic acid is essential for collagen biosynthesis in fibroblasts [70] . Despite its antioxidant properties, rutin influences cellular metabolism. Rutin is a flavonoid found in plant extracts, and inhibits the activities of cyclooxygenases and lipoxygenases, thereby reducing pro-inflammatory processes [8] . Moreover, rutin exerts cytoprotective effects on cells exposed to various types of radiation by substantially increasing their viability [79] . So far, the interaction of orally administered rutin with ascorbic acid has been demonstrated in terms of their antiinflammatory and vascular sealing actions [4, 51] . Moreover, it has been demonstrated that rutin increases the organic reduction ability of ascorbic acid [2] . However, the combined effect of rutin and ascorbic acid on the metabolism of skin cells exposed to UV radiation has been not evaluated yet.
According to the described pro-oxidative effect of UV radiation, as well as relevance of effective stimulation of the antioxidant and antiapoptotic system, the aim of this study was to investigate the combined effect of ascorbic acid and rutin on redox homeostasis, lipid and protein oxidative modifications, and apoptosis of human skin cells (keratinocytes and fibroblasts) after UVA and UVB irradiation.
Materials and methods

Ascorbic acid and rutin antioxidant properties
TEAC method
Radical cation ABTS
·+ was prepared according to method of Re et al. [65] . Once the radical was formed, ABTS ·+ was mixed with appropriately diluted ascorbic acid (100 µM) or/and rutin (25 µM) and the absorbance was measured at 734 nm after 10 min. Results are expressed vs. antioxidant properties of Trolox.
FRAP method
The FRAP method was based on that of Benzie and Strain [6] . FRAP reagent consists of: 100 mM acetate buffer, 10 mM TPTZ in 40 mM HCl and 20 mM ferric (III) chloride. FRAP reagent and the ascorbic acid (100 µM) or/and rutin (25 µM) were mixed for 4 min and next the absorbance was measured at 593 nm. Results are expressed vs. antioxidant properties of Trolox.
Folin-Ciocalteu method
Foline-Ciocalteu (F-C) reagent was mixed with ascorbic acid (100 µM) or/and rutin (25 µM) and incubated in the dark for 1 h [45] . Then saturated sodium carbonate was added and again incubated in dark again for 1 h. The absorbance was measured at 764 nm. Results are expressed vs. antioxidant properties of caffeic acid.
Cell culture
Human skin cell lines used in experiment were obtained from American Type Culture Collection and cultured in a humidified atmosphere of 5% CO 2 at 37 °C. Immortalized keratinocytes (CDD 1102 KERTr) were transformed with human papillomavirus 16 (HPV-16) E6/E7, while fibroblasts (CCD 1112Sk) were isolated from normal foreskin of Caucasian newborn male and used in passage 12. The growth media for each line were prepared as follows: for keratinocytes-keratinocyte-SFM medium with 1% Bovine Pituitary Extract (BPE) and human recombinant Epidermal Growth Factor (hEGF); for fibroblasts-Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS). All media were supplemented with 50 µg/ml streptomycin and 50 U/ml penicillin. Sterile and cell culture reagents were obtained from Gibco (Grand Island, NY, USA).
When the cells reached 70% confluence, they were washed with PBS buffer (37 °C) and exposed to UV radiation in cold PBS (4 °C). Radiation doses totaled for keratinocytes were 30 J/cm 2 and 60 mJ/cm 2 , and for fibroblasts were 20 J/cm 2 and 200 mJ/cm 2 , for UVA and UVB, respectively, using Bio-Link Crosslinker BLX 312/365 (Vilber Lourmat, German). Exposure dose was chosen corresponding to 70% cell viability measured by the MTT assay [17] . Control cells were incubated in parallel without irradiation. To examine the effect of ascorbic acid and rutin on UVradiated skin cells, following cells exposure to UV radiation, they were incubated 24 h under standard conditions in medium containing 100 µM ascorbic acid or/and 25 µM rutin in 0.1% DMSO. The concentration of used compounds was chosen due to the maximum dose that does not change the cell viability measured by the MTT assay [17] . Parallel cells were cultured without irradiation in medium containing above supplements. To maintain the same conditions for all experimental and control groups, all media contained 0.1% DMSO. The presented data were normalized per milligram of protein. The total protein content in samples was measured using a Bradford assay [9] .
Examination of cells viability
The viability of experimental cells was measured by the sulforhodamine B assay [75] . 24 h following exposure to UVA/ UVB irradiation and rutin/ascorbic acid treatment, cells were fixed with 10% trichloroacetic acid and stained with 0.4% sulforhodamine B in 10% acetic acid for 30 min. The bound SRB was determined at 540 nm. Cells proliferation was plotted by expressing the absorbance of treated wells as a percentage of control wells.
Examination of transmembrane transport
Determination of bilitranslocase activity
The bilitranslocase transport activity was measured spectrophotometrically [20, 59] . The results were normalized to protein concentration and expressed as units per milligram of protein.
Examination of intracellular ROS generation
Determination of superoxide anion generation
The generation of superoxide anions was detected using an electron spin resonance spectrometer e-scan (Noxygen GmbH/Bruker Biospin GmbH, Germany), where stable nitroxide CM radicals were formed [40] . The generation of superoxide anions was reported in nanomolar concentration per minute and normalized per milligram of protein.
Determination of pro-oxidant enzyme activities
NADPH oxidase (NOX-EC 1.6.3.1) activity was measured using lucigenin as a luminophore. Enzyme-specific activity was described in RLU (Relative Luminescence Units) per milligram protein [27] .
Xanthine oxidase (XO-EC1.17.3.2) activity was estimated by uric acid formation from xanthine through the measurement of the increase in absorbance at 290 nm [62] . Enzyme-specific activity was described in microunits per milligram of protein.
Estimation of antioxidant capacity
Determination of antioxidant enzymes activity
Glutathione peroxidase (GSH-Px-EC.1.11.1.6) activity was assessed spectro-photometrically [58] . Enzyme-specific activity was calculated in milliunits per milligram of protein.
Glutathione reductase (GSSG-R-EC.1.6.4.2) activity was measured by monitoring the oxidation of NADPH at 340 nm [53] . Enzyme-specific activity was calculated in milliunits per milligram of protein.
Catalase (CAT-EC 1.11.1.9) activity was assayed spectrophotometrically at 240 nm by the rate of hydrogen peroxide decomposition [1] . Enzyme-specific activity was expressed in milliunits per milligram of protein.
Superoxide dismutase (Cu/Zn-SOD-EC.1.15.1.1) activity was determined according to the method of Misra and Fridovich [52] as modified by Sykes [39] . Enzyme-specific activity was calculated in milliunits per milligram of protein.
The thioredoxin reductase (TrxR-EC. 1.8.1.9) activity was measured using a commercially available kit (SigmaAldrich, St. Louis, MO, USA). Enzyme activity was measured in units per milligram of protein.
Determination of non-enzymatic antioxidant level
Glutathione was quantified using the capillary electrophoresis (CE) method [49] . Separation was performed on a 47-cm capillary and 50 m i.d. and was operated at 27 kV with UV detection at 200 ± 10 nm. The GSH concentration was determined using a calibration curve range of 1-120 nmol/mL (r 2 − 0.9985) and normalized for milligrams of protein.
High-performance liquid chromatography (HPLC) was used to detect the levels of vitamins C [34] and vitamin E [85] . For determination of vitamin C, separation was performed using RP-18 column and UV detection at 250 nm. Vitamin E was extracted from the cell lysates using hexane, diluted in ethanol, and injected onto the RP-18 column. UV detection at 294 nm was applied. The concentration of vitamins was determined using a calibration curve range 1.25-20 µg/mL (r 2 = 0.9999) for vitamin C, and 5-25 mg/L (r 2 = 0.9999) for vitamin E and normalized for milligrams of protein.
The rutin level was measured using an Agilent 1290 HPLC system [20] . The mobile phase consisted of water containing 0.1% (v/v) TFA with linear gradients of 5% acetonitrile at t = 0-20% acetonitrile at 5 min, followed by an increase to 30% acetonitrile at 10 min. Finally, 90% acetonitrile was used from 18 min onward for 5 min. Detection was carried out on a diode array detector. The presented data are based on detection at 360 nm (the absorption maximum of rutin). The concentration of rutin was determined using a calibration curve range: 1-15 µM/mL (r 2 − 0.9998) and normalized for milligrams of protein.
Thioredoxin level was quantified using ELISAs [46] . Proteins were incubated at 4 °C overnight with anti-thioredoxin primary antibody (Abcam, Cambridge, MA, USA). After incubation with peroxidase blocking solution (3% H 2 O 2 , 3% fat free dry milk), goat anti-rabbit secondary antibody solution (Dako, Carpinteria, CA, USA) was added. Following 1 h incubation, chromogen substrate solution (0.1 mg mL −1 TMB, 0.012% H 2 O 2 ) was added. Spectral absorption was read at 450 nm with the reference filter set to 620 nm. The thioredoxin concentration was determined using a calibration curve range of 0.5-20 µg (r 2 − 0.9983) and was normalized for milligrams of protein.
Estimation of lipid peroxidation
8-Iso-prostaglandin F2α (8-isoPGF2α) was assayed by the modified LC-MS method of Coolen [13, 24] using an Agilent 1290 UPLC system interfaced with an Agilent 6460 triple quadrupole mass spectrometer. 8-isoPGF2α was analyzed in negative-ion mode using MRM mode: m/z 353.2 → 193.1 (for 8-isoPGF2α) and 357.2 → 197.1 (for 8-isoPGF2 α-d4). Obtained results were normalized for milligrams of protein.
4-Hydroxynonenal was measured by GC/MS in selected ion monitoring (SIM) mode, as the O-PFB-oxime-TMS derivatives using benzaldehyde-D6 as an internal standard [48] . The ions used were: m/z 333.0 and 181.0 for 4-HNE-PFB-TMS and m/z 307.0 for IS derivatives. Obtained results were normalized for milligrams of protein.
Examination of protein modifications
Determination of structure modification
Protein oxidative modifications were estimated according to the level of carbonyl groups. Carbonyl group level was determined spectrophotometrically (370 nm) using 2,4-dinitrophenylhydrazine [41] , and described in nanomolar per milligram of protein.
Examination of protein expression
Western blot analysis was performed according to Eissa and Seada [16] . Cell lysates were separated by 10% Tris-Glycine SDS-PAGE and transferred into nitrocellulose membrane. Primary antibodies against Keap1 (host: goat), cytochrome c (host: mouse) (Santa Cruz Biotechnology, CA, USA); caspase 9, KAP1, p62, Bach1, HO-1 (host: rabbit), Bax, p53, Bcl-2, NFκB (p52), caspase 8 (host: mouse) (SigmaAldrich, St. Louis, MO, USA); caspase 3 (host: goat) (R&D, MN, USA), and phospho-Nrf2 (Ser40) (host: rabbit) (Bioss Antibodies Inc., MA, USA) were used at a concentration of 1:1000. As an internal loading control, β-actin (host: mouse) (Sigma-Aldrich, St. Louis, MO, USA) was used. Following incubation, membranes were incubated with alkaline phosphatase-conjugated secondary antibodies against rabbit, mouse or goat (host: goat or rabbit) (Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 1:2000. Protein bands were visualized using the BCIP/NBT liquid substrate system (Sigma-Aldrich, St. Louis, MO, USA) and quantitated using the Versa Doc System and Quantity One software (Bio-Rad Laboratories Inc., CA, USA). The results are expressed as a percentage of the control cells results.
Statistical analysis
Data were analyzed using standard statistical analyses, including multivariate analysis (one-way ANOVA), and the results are expressed as the mean ± standard deviation (SD) for n = 3. p values less than 0.05 were considered significant.
Results
There was no change in the absorption spectra of ascorbic acid or rutin when the compounds were combined together ( Fig. 1) , suggesting that neither compound modifies the chemical structure of the other.
Antioxidant properties of ascorbic acid and rutin
Ascorbic acid (Ascorbic A.) showed three times higher antioxidant properties than rutin (Rutin), measured by the cation radical scavenging activity by the ferric-reducing activity of plasma (FRAP) test (Fig. 2) . However, the mixture of ascorbic acid and rutin (Ascorbic A. + Rutin) had approximately 20% higher antioxidant properties compared to Ascorbic A alone. The F-C test showed that Ascorbic A. + Rutin acted two times stronger than Ascorbic A. or Rutin alone.
Ascorbic acid and rutin effect on cell viability
Ascorbic acid and rutin, used in selected concentrations separately, as well as jointly, partially prevented a UV-induced decrease in the viability of fibroblasts and keratinocytes (Fig. 3 ). The effect of Ascorbic A. + Rutin on keratinocytes was evident even under standard conditions, resulting in a 25% increase in keratinocyte viability. Individually, Ascorbic A. and Rutin each increased the viability of UVA-irradiated keratinocytes by about 15%; however, the combination of Ascorbic A. + Rutin improved the viability of UVA-and 1 3 UVB-irradiated keratinocytes by 20% and 35%, respectively. Both supplements alone and in combination did not have a significant effect on the viability of fibroblasts under standard conditions; however, Ascorbic A. + Rutin increased the viability of UVA-and UVB-irradiated fibroblasts by approximately 15% and 10%, respectively.
The effect of ascorbic acid and rutin on transmembrane transport
The activity of the transmembrane transporter, bilitranslocase, following Rutin treatment in UV-irradiated keratinocytes and fibroblasts was enhanced by approximately 30%, while Ascorbic A. did not show any effect. However, Ascorbic A. + Rutin mildly enhances bilitranslocase activity in both cell types compared to non-treated cells (Fig. 4) . These changes were accompanied even by two times increase in the rutin level in keratinocytes and fibroblasts treated with Ascorbic A. + Rutin compared with only Rutin-treated cells ( Table 1 ).
The effect of ascorbic acid and rutin on ROS generation
Ascorbic acid as well as rutin had a strong cytoprotective effect against UVB-induced changes in superoxide anion generation and oxidase activity in both cell types studied (Fig. 5) . Ascorbic A. + Rutin led to a decrease in superoxide anion generation in UVB-irradiated keratinocytes and fibroblasts by about 60% and 80%, respectively, which was 30% and 10% more than in the case of Rutin and Ascorbic A used alone. Moreover, the activity of xanthine oxidase in UV-irradiated keratinocytes was decreased by 50-60% in all supplemented cells, while NADPH oxidase activity in In addition, the activity of NADPH oxidase was decreased by Ascorbic A. + Rutin treatment by 30% in both UVA-and UVB-irradiated fibroblasts.
The effect of ascorbic acid and rutin on antioxidant enzyme activity
The effect of ascorbic acid and rutin treatment on antioxidant enzymes activity in UV-irradiated skin cells is shown in Table 2 . In all UV-irradiated cells, ascorbic acid and rutin treatment led to decrease in UV-enhanced glutathione peroxidase (GSH-Px) activity, while in the case of GSSG-R the same effect was observed only in UVA-and UVB-irradiated keratinocytes, and UVA-irradiated fibroblasts. Moreover, Ascorbic A. + Rutin had a significantly stronger effect than either Rutin or Ascorbic A. alone on thioredoxin reductase (TrxR) and catalase (CAT) activity. In UVA-and UVB-irradiated keratinocytes, TrxR and CAT activity increased by about 50% and twofold, respectively, and for fibroblasts TrxR and CAT activity increased by 55% and threefold following UVA radiation, and twofold and around 30% following UVB radiation. Also in the case of SOD activity Ascorbic A. + Rutin significantly prevented a UVB-induced decrease in keratinocytes (by 10%) and in fibroblasts (twofold increase compared to UVB-irradiated cells). 
The effect of ascorbic acid and rutin on non-enzymatic antioxidant level
The results indicated that non-enzymatic antioxidant levels in UV-irradiated cells were more susceptible to the Ascorbic A. + Rutin treatment than Ascorbic A. or Rutin alone ( Table 1) . One of the most sensitive antioxidants was thioredoxin, which decreased level in UV-irradiated cells was restored even by 45-50% in the case of UVB-irradiated keratinocytes and fibroblasts or by 30% and 15% in UVAirradiated cells. Similar changes were observed in the case of vitamins E and C, where Ascorbic A. + Rutin treatment significantly increased vitamin E levels in UVB-irradiated keratinocytes by 40%, and in UVA-and UVB-irradiated fibroblast by 25% and 20% compared to UVA-and UVBirradiated cells, respectively. In the case of vitamin C level, Ascorbic A. + Rutin treatment led to a 15-20% increase compared to UV-irradiated keratinocytes treated only with Ascorbic A., and a 35-50% increase compared to UV-irradiated and Ascorbic A. treated fibroblasts. However, only UVirradiated fibroblasts showed a stronger effect to Ascorbic A. + Rutin treatment than Ascorbic A. or Rutin in the case of GSH level, which was increased by 55% and 25% following UVA and UVB radiation, respectively.
The effect of ascorbic acid and rutin on the Nrf2 pathway
Ascorbic A. + Rutin influenced the Nrf2 pathway in various skin cell lines (Fig. 6) . A twofold increase in the level of phosphor-Nrf2, as well as in its main target heme oxygenase-1 (HO-1) was observed in UV-irradiated keratinocytes following Ascorbic A. + Rutin treatment. These changes were accompanied by a 50% increase in the expression of the Nrf2 inhibitor, Keap1, which was the opposite of the action of Rutin itself. Moreover, following UV radiation, Ascorbic A. + Rutin treatment prevented changes induced by Ascorbic A. or Rutin in the level of Bach1 and KAP1, while p62 expression was decreased by 10%. In the case of UV-irradiated fibroblasts, Ascorbic A. + Rutin led to the decrease in phosphor-Nrf2 level by 40% and by 10-25% in HO-1 level. Moreover, the levels of Nrf2 inhibitors, Keap1 and Bach1, in UV-irradiated fibroblasts following Ascorbic A. + Rutin treatment were increased two and five times, respectively, while the expression of Nrf2 inhibitors, KAP1 and p62, were decreased by approximately 20%.
The effect of ascorbic acid and rutin on the modification of cellular components
The cytoprotective effect of ascorbic acid and rutin on cellular components is shown in Table 3 . Ascorbic A. + Rutin revealed a stronger effect than Ascorbic A. or Rutin alone on the decrease in the level of 8-isoPGFα in UVA-and UVBirradiated keratinocytes (by 15% and 40%, respectively). A similar effect, but to a lesser extent, was observed in UVA-and UVB-irradiated fibroblasts, where the level of 8-isoPGFα was decreased following Ascorbic A. + Rutin treatment by 20% and 10%, respectively. Moreover, in the case of protein oxidation, Ascorbic A. + Rutin had a stronger effect than Ascorbic A. or Rutin in preventing carbonyl group formation in keratinocytes and fibroblasts exposed to UV radiation.
The effect of ascorbic acid and rutin on inflammation and apoptosis
The effect of ascorbic acid and rutin on inflammatory processes and apoptosis in UV-irradiated cells is shown in Fig. 6 The level of phospho-Nrf2 (Ser40) transcription factor, its activators (KAP1, p62) and inhibitors (Keap1, Bach1), and Nrf2 main target-HO-1 in keratinocytes and fibroblasts exposed to UVA (30 J/cm 2 and 20 J/cm 2 , respectively) and UVB irradiation (60 mJ/ cm 2 Fig. 7 . Ascorbic A. + Rutin partially prevented UV-induced pro-inflammatory factor NFκB expression, however, in a lesser extent than in the case of Ascorbic A. or Rutin used separately. In the case of UV-irradiated fibroblasts, the opposite situation was observed, when Ascorbic A. + Rutin resulted in a stronger decrease in NFκB expression than Ascorbic A. or Rutin used separately.
Moreover, Ascorbic A. + Rutin had a similar effect as Ascorbic A. on enhanced antiapoptotic protein Bax expression, as well as p53 and Bcl-2 which control the cell cycle in UV-irradiated keratinocytes, simultaneously Ascorbic A. + Rutin prevented increase in the level of cytochrome c in these cells. On the other hand, in UV-irradiated fibroblasts, Ascorbic A. + Rutin decreased the level of Bax and was more effective than Ascorbic A. or Rutin in preventing a UV-induced increase in the levels of p53, cytochrome c, and caspases 8 and 9. In the case of Bcl-2 expression, Ascorbic A. + Rutin also significantly enhanced the level of this protein in UVA-and UVB-irradiated fibroblasts.
Discussion
The main function of the skin is to protect the organism against harmful exogenous factors, and to receive signals from the surrounding environment. UV radiation that reaches the skin cells mainly consists of UVA that penetrates both the epidermis and dermis, and UVB, which is mainly scattered in the outer epidermal layers, and only a small percentage reaches dermis [7] . Therefore, various layers of skin cells reaction to changes in the external environment, which affects not only the condition and appearance of the skin, but also the functioning of the whole organism [15] . The external localization of skin keratinocytes and fibroblasts means that they are mostly exposed to UV radiation from the sunlight, which modifies their specific functions in different ways.
Used in this study mixture of ascorbic acid with rutin is applying in oral formulation for the prevention of colds and flu. Moreover, such formulations are also active in the case of blood vessel enhancement; their use is recommended for vascular diseases and disorders, where rutin decreases the permeability of capillary walls, strengthens them, improves the condition of their wall tension, and prevents edema [19] . Moreover, ascorbic acid is a proline and lysine hydroxylases cofactor, and is essential compound for collagen biosynthesis in skin fibroblasts [11] . In the case of keratinocytes, ascorbic acid is an important factor for the initiation of keratinization, and thus is also required for the maintenance of the natural rate of formation of an outer protective layer of corneocytes [81] . However, the combined effect of ascorbic acid and rutin in skin cells protection against UV radiation has been not previously been investigated.
Component uptake and skin cell viability
This study shows that when used together, the tested compounds prevent a UV-induced reduction in cell survival. This may be related to the degree to which the tested compounds penetrated into cells, which is associated with the activity of specific transmembrane transporters. Under physiological conditions, rutin is only slightly taken up into the cytosol by bilitranslocase, however, UV radiation favors its transporter activity [20] . Bilitranslocase transports flavonoids according to their concentration [12] , and its activity is unaffected by the concentrations of ascorbic acid which were used in this work. However, this study demonstrates that when used in combination, ascorbic acid supports the uptake of rutin, thereby increasing its action [29] , what is also shown in this study. The cytoprotective effect of ascorbic acid is mainly related to its antioxidant action in fibroblasts, while in keratinocytes ascorbic acid is a stimulator of cell proliferation and differentiation [21, 71] . On the other hand, the cytoprotective effect of rutin on UV-treated fibroblasts is based on the coordination of fibroblast proliferation, and depending on the location of the cells, rutin may stimulate or inhibit their proliferation [30, 33, 44] . Moreover, rutin can replace the use of ascorbic acid in the culture medium to maintain cell viability of isolated secondary follicles [43] . In addition, rutin promotes wound healing, not only by stimulation of fibroblast proliferation, but also by supporting extracellular matrix production including collagen biosynthesis what is not observed in the case of keratinocytes [78, 84] . The x Statistically significant differences vs. non-treated group, p < 0.05; y Statistically significant differences vs. respectively group without chemical treatment, p < 0.05; a Statistically significant differences vs. Ascorbic A. treated group, p < 0.05; b Statistically significant differences vs. Rutin treated group, p < 0.05 application of ascorbic acid and rutin together enhances the cytoprotective action of these compounds.
Intracellular ROS generation
Enhanced ROS generation after UV radiation threatens the proper functioning of skin cells, however, the structures of ascorbic acid and rutin are rich in hydroxyl groups (Fig. 1) which are conducive to their ability to capture ROS and transform them into less reactive forms [26, 66] . This, therefore, prevents oxidative modifications of cellular components, as shown by a decrease in the activity of NADPH and xanthine oxidases as well as ROS generation in this study. In the concentrations used in this study, rutin and ascorbic acid have a strong radical scavenger rate, as shown in the previous studies [60] . In addition, earlier studies have shown that the interaction of rutin with ascorbic acid leads to an increase in the reducing properties of ascorbic acid, which is expressed by a decrease in xanthine oxidase activity, responsible for the cytosol production of superoxide anion [74] . In addition, the combined action of rutin and ascorbic acid was more effective than single compound action in the ROS decrease in the animal tissues [77] .
Antioxidant capacity
Due to constant exposure to harmful factors, skin cells are characterized by a well-developed antioxidant system, accompanied by extensive signaling pathways. However, the action of most of the enzymatic and non-enzymatic components of this system is disrupted as a result of skin exposition to UV radiation [22, 50] . Ascorbic acid and rutin support the cellular antioxidant system both as free radical scavengers and by stimulating antioxidant action. Ascorbic acid is the main natural water-soluble antioxidant. It is transported unobstructed through the skin from topical applications or oral doses [10] . In cells, it is known that ascorbic acid cooperates with glutathione in maintaining the reduced form of tocopherol [86] , a natural phospholipid membrane protector whose levels are reduced by UV radiation. Because glutathione levels which were decreased by UV radiation are enhanced by the common rutin and ascorbic acid action, and because rutin promotes ascorbic acid action in tocopherol reduction, rutin and ascorbic acid cooperation may have a borderline importance in the protection of membrane lipids against oxidative modifications [57] . GSH is a cofactor of GSH-Px, which is responsible also for lipid protection against peroxidation; however, the compounds used here partially inhibit GSH-Px activity. Moreover, UV radiation decreases the thioredoxin reductase activity as well as thioredoxin level, thereby lowering the effectiveness of thioredoxin-dependent antioxidant system, and exposing the thiol groups of the oxidized proteins to less effective reduction. However, exogenous compounds may activate thioredoxin reductase under oxidative conditions [77] , and ascorbic acid and rutin restore the thioredoxindependent system, which is especially important in repairing UV-induced protein modifications. On the other hand, the polyphenolic structure of rutin provides the ability to maintain the redox balance in fibroblasts, which has been already described elsewhere [24] . Additionally, the rutin-induced stimulation of antioxidant enzymes, e.g., SOD or CAT, increased the antioxidant capacity of brain tissue [5] . The antioxidant cooperation of ascorbic acid and rutin that has been indicated in this study was also showed in other studies, where the mixture of rutin and ascorbic acid resulted in a significant increase in the activity of antioxidant enzymes such as SOD or CAT in mammalian kidneys [35] .
Reactions of the skin cells to UV-induced oxidative stress are also related to the activation of intracellular and extracellular signaling pathways, leading to changes in transcription factor activity. The transcription factor, Nrf2, is responsible for the expression of genes encoding antioxidant and antiapoptotic proteins [39] . However, the results of this show that ascorbic acid and rutin have the opposite effect in the case of UV-irradiated keratinocytes and fibroblasts. The antioxidant properties of the used in these experiment compounds promote a decrease of the pro-oxidant parameters, therefore the activity of Nrf2 in fibroblasts is also diminished [82] , especially following combined application. However, in the case of keratinocytes, which are epidermal cells that are more sensitive, more proliferative and are characterized by increased adaptability, antioxidant compounds additionally increase the activity of Nrf2, which prepares cells for possibly stronger stress [38] . Moreover, it has been also shown that ascorbic acid in skin keratinocytes affects intracellular signaling through protein kinase C activation [71] , which additionally activates Nrf2.
Ascorbic acid and rutin cause also different changes in Keap1 levels. Decrease in Keap1 levels following rutin treatment might be connected with rutin-Keap1 adduct formation, which has been found in UV-irradiated skin fibroblasts [23] . Keap1 adduct formation changes the conformation of Keap1, leading to the Keap1-Nrf2 dissociation, as well as leading to Keap1 ubiquitination and degradation [37] . However, the interaction of rutin with Keap1 is almost completely abolished in the treatment with ascorbic acid.
Modification of intracellular compounds
The high energy doses carried by UV radiation lead to disorders of cellular redox balance, and in consequence, lead to oxidative modifications of lipids, nucleic acids, and proteins, which interfere with cellular metabolism by initiating photoreaction processes [22, 32] . These oxidative changes may even result in oncogenic transformation [64] .
Lipid modifications are particularly important for intra-and extracellular signaling. A mixture of ascorbic acid and rutin prevents increased lipid peroxidation of the skin cells after exposure to UVA and UVB radiation. The reduction of the level of lipid peroxidation products, such as MDA, by ascorbic acid in UV-irradiated keratinocytes has previously been shown [63] . Moreover, use of a rutin and ascorbic acid mixture more effectively prevented the UV radiation-induced oxidation of low density lipoprotein (LDL) and their cytotoxic effects than either ascorbic acid or rutin used separately [55] . On the other hand, it has been shown that ascorbic acid, depending on its growing concentration, affects the condition of membrane lipids and increases or inhibits the penetration of rutin by the micellar lipid bilayer [29, 55] .
Regardless of the effect on lipids, the mixture of rutin and ascorbic acid, reduced the generation of ROS and promoted fewer protein modifications. These studies showed that their co-operation prevented an increase in the number of carbonyl groups following UV radiation, and in consequence, cellular proteins did not lose their function and did not impair cellular metabolism. However, rutin is capable of creating adducts with histidine residues in the active site of tyrosinase, which leads to tyrosinase inhibition and stops the production of melanin [74] . Therefore, rutin has the potential to be a potent antipigment agent.
Inflammation
Both of the antioxidant compounds in this study also exhibit a selective antiinflammatory effect. It has been shown that ascorbic acid is able to downregulate IL-1α mRNA expression in both UVA-irradiated and non-irradiated cells, while IL-6 mRNA expression remained unaffected [83] . In the case of UVB-irradiated keratinocytes, ascorbic acid downregulated IL-8 mRNA expression [36] . It has also been reported that rutin treatment of neutrophils inhibits the activity of enzymes responsible for the metabolism of fatty acids, cyclooxygenase (COX) and lipoxygenase (LOX), thereby reducing pro-inflammatory factors amount [8, 24] , what in this study was observed as a significant decrease in 8-isoPGF2α level. Moreover, rutin suppresses NFκB activation and down-regulates gene expression of most proinflammatory cytokines/enzymes, except for a significant up-regulation of IL-8 observed under stimulation with TGFα [61] . Combination of these ascorbic acid and rutin activities in UV-irradiated fibroblasts and keratinocytes results in the inhibition of inflammatory processes, as shown by deceased NFκB expression.
Apoptosis
UV radiation is also a factor that decreases the viability of cells by induction of apoptosis [22] . However, UVA and UVB radiation influences the cytosolic level of pro-apoptotic proteins such as cytochrome c or caspase 3 in a various ways. As shown in this study, keratinocytes are more sensitive to radiation than fibroblasts, what is observed as a three times increase in cytochrome c and caspase 3 level. This reaction may be associated with the strong ability of keratinocytes to proliferate and regenerate damage caused by UV radiation of epidermal cells [56] . Moreover, keratinocytes and fibroblasts differ from each other in the changes in the level of pro-apoptotic protein Bcl-2 following ascorbic acid treatment. Ascorbic acid alone, as well in a mixture with rutin, significantly increases Bcl-2 level in all examined keratinocytes, but not in fibroblasts. This result is connected with the ascorbic acid function in keratinocytes to induce maturation and differentiation, and also leads to cellular aging and death [72] .
The results of this study also show that UV radiation induces different responses in the level of antiapoptotic Bax protein in various types of skin cells, which is why the observed effect of ascorbic acid and rutin on the UVinduced apoptosis is slightly different. In fibroblasts, ascorbic acid and rutin decreased UV-induced expression of Bax, which was also observed in the case of ethanolinduced neurotoxicity in neuronal cells treated with rutin [76] . The opposite effect is observed in UV-irradiated keratinocytes, where ascorbic acid or rutin increased Bax expression, restoring the level similar to control cells. Furthermore, rutin has been shown to enhance arsenicinduced apoptosis via ROS-dependent p53 protein ubiquitination in human HaCaT keratinocytes [73] . However, in both cases, the combined treatment with ascorbic acid and rutin had a stronger effect to counteract the effects of UV irradiation compared with their individual use, which suggests their cooperation in apoptosis signaling.
Conclusion
In this study, we presented the cooperation of ascorbic acid and rutin in exert a cytoprotective effect on keratinocytes and fibroblasts exposed to UVA and UVB radiation. The obtained results showed that the compounds complement their action, not only in the antioxidant field, but also to support the transport and signaling functions of each other. Moreover, their combined antioxidant, antiinflammatory and antiapoptotic action makes them a potentially effective cytoprotective team against UV-induced skin damage.
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